Synchronization of Olfactory Bulb Mitral Cells by Precisely Timed Inhibitory Inputs  by Schoppa, Nathan E.
Neuron 49, 271–283, January 19, 2006 ª2006 Elsevier Inc. DOI 10.1016/j.neuron.2005.11.038Synchronization of Olfactory Bulb Mitral Cells
by Precisely Timed Inhibitory InputsNathan E. Schoppa1,*
1Department of Physiology and Biophysics




Synchronized oscillatory activity at the gamma fre-
quency (30–70 Hz) is thought to be important for infor-
mation processing in many sensory systems. Here, I
used patch-clamp recordings in neuron pairs in rat ol-
factory bulb slices to assess the mechanisms underly-
ing such ‘‘gamma’’ activity in the olfactory system.
Patterned electrical stimulation of afferents that mim-
icked a natural odor stimulus elicited rapidly synchro-
nized spikes (lag% 5 ms) in mitral cells, along with os-
cillatory activity at the gamma (w50 Hz) frequency.
Analysis of coupling potentials, combined with den-
dritic sectioning, indicated that mitral cell synchrony
was mainly driven by inhibitory postsynaptic poten-
tials (IPSPs) imposed by GABAergic granule cells. Re-
cordings in granule cell pairs indicated that granule
cells were themselves synchronized by their excit-
atory inputs from mitral cells, providing a means to co-
ordinate GABA release. These results demonstrate
that rapid synchrony can emerge in a network through
the precise back-and-forth interplay between neuronal
populations.
Introduction
Synchronized oscillatory activity at the gamma fre-
quency (30–70 Hz) is hypothesized to be important for
information processing in a variety of brain circuits in-
volved in sensation and perception (Singer and Gray,
1995; Rodriguez et al., 1999; Laurent et al., 2001). Mech-
anistically, such oscillations have been proposed to re-
flect the rapid back-and-forth interplay between excit-
atory principal neurons and inhibitory GABAergic
interneurons (Buzsa´ki, 1997; Traub et al., 2004). The
key event in this oscillatory activity from a functional
perspective is the synchronized action potential firing
(‘‘spiking’’) that arises in principal neurons when they re-
cover from synchronized inhibitory postsynaptic poten-
tials (IPSPs) imposed by interneurons. While certain as-
pects of this synchrony model, such as the role of
interneurons in determining oscillation kinetics, are
well-supported by experiments (Whittington et al.,
1995; Traub et al., 1996a; Cunningham et al., 2003), there
is little direct evidence that different principal neurons
receive synchronized IPSPs, as well as whether rapid
spike synchrony can result from such IPSPs. In the hip-
pocampus, pair-cell recordings have shown that pyra-
midal cells can receive synchronized IPSPs (Cobb
*Correspondence: nathan.schoppa@uchsc.eduet al., 1995), yet, in this case, the subsequent spikes
are synchronized on a sloww100 ms timescale.
An ideal system for studying the function of GABAer-
gic interneurons in generating rapid spike synchrony is
the well-ordered olfactory bulb, the first processing cen-
ter in the olfactory system of higher animals. Within the
mammalian bulb, the output mitral cells are organized
into discrete networks, each defined anatomically by
their affiliation with a single glomerulus. Because each
glomerulus receives afferent inputs from olfactory re-
ceptor neurons expressing only one type of odorant
receptor (OR), each mitral cell network is functionally
defined to be OR specific. Mitral cells receive dendro-
dendritic inhibitory synaptic inputs from two types of
GABAergic interneurons within discrete layers: from
periglomerular (PG) cells at primary dendrites within glo-
meruli and from granule cells at secondary dendrites in
the external plexiform layer. Since the earliest record-
ings of odor-evoked activity, it has been known that
the bulb can display gamma frequency oscillatory activ-
ity during extracellular recordings (Adrian, 1950; Rall
and Shepherd, 1968; Freeman, 1972; Kashiwadani
et al., 1999; Friedman and Strowbridge, 2003; Lagier
et al., 2004), a finding suggestive of PG or granule cell-
driven synchronization of mitral cells. However, recent
studies in bulb slices have demonstrated that mitral
cells can also be coupled by direct excitatory interac-
tions at dendrites (Isaacson, 1999; Carlson et al., 2000;
Schoppa and Westbrook, 2001; Urban and Sakmann,
2002); for glomerulus-specific mitral cells, such coupling
occurs at least in part through direct electrical connec-
tions (Schoppa and Westbrook, 2002; Christie et al.,
2005). Oscillatory activity at the gamma frequency is
also well-described in the insect antennal lobe (analo-
gous to the mammalian bulb; Laurent et al., 2001), yet,
as in other circuits, the evidence implicating a functional
role for GABAergic interneurons in synchrony is indirect.
In this study, I tested the role of interneurons in syn-
chronizing spike activity in pairs of functionally defined
mitral cells, during whole-cell patch-clamp recordings
in rat olfactory bulb slices. Much (though not all) of the
focus was on electrically uncoupled mitral cells affiliated
with different glomeruli, i.e., with different OR specific-
ities, because interglomerular spike synchrony is likely
to be especially important in olfactory signal integration
(Mori et al., 1999; Lledo et al., 2005). Under electrical
stimulus conditions that mimic natural odor, mitral cells
of all types were found to engage in synchronized spik-
ing on a timescale %5 ms. Biophysical analysis of
synaptic events, combined with selective removal of
specific inhibitory inputs by dendritic sectioning, dem-
onstrate that rapid mitral cell synchrony was mainly
due to recovery from IPSPs imposed by granule cells.
Studies in pairs of granule cells, done in parallel, show
that granule cell activity could also be synchronized,
specifically by divergent glutamatergic inputs from mi-
tral cells. Taken together, these results provide the most
direct evidence to date for any circuit that GABAergic
interneurons can drive rapid synchrony in principal neu-
rons. The data also demonstrate that rapid synchrony in
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272Figure 1. Synchronized Spiking in Mitral Cell Pairs in Response to Patterned ON Stimulation
(A) During whole-cell patch-clamp recordings from a pair of mitral cells (MA and MB), bursts of ON stimuli at 4 Hz (see stimulus pattern below data
traces) evoked slow depolarizations and spiking. Expansion of selected boxed regions (right) showed instances in which spikes were synchro-
nized, i.e., separated by%5 ms (arrows). The data trace at bottom shows a response in a different single mitral cell that was hyperpolarized (to
280 mV) by negative current injection to prevent spiking. The displayed synchronized cells were affiliated with different glomeruli, based on the
absence of electrical coupling (see Figure 3A).
(B) The spike cross-correlogram derived from the recording in part (A) showed a prominent peak at spike-lag = 0 ms, along with side peaks offset
from zero byw20 ms. Rspike = 1.51 reflects the measure of synchronization calculated for this experiment (see text). The fitted curve reflects the
sum of three Gaussian functions.
(C) Plot comparing Rspike to the probability P of coincident spiking (defined as spiking that occurred within a window of 5 ms). P(coincident spik-
ing) increased steeply with Rspike. The plotted data points (n = 11) reflect a subset of the total dataset (28 mitral cell pairs), selected to allow com-
parison of P(coincident spiking) for pairs with large and small Rspike values.a network can emerge through the back-and-forth inter-
actions between groups of neurons rather than direct
electrical coupling.
Results
Synchronized Spike Activity in Mitral Cells
under Dynamic Stimulus Conditions
For evaluating spike activity in mitral cell pairs, re-
sponses were evoked by afferent stimulation of the ol-
factory nerve (ON, 50–500 mA; Figure 1A). A stimulus pat-
tern was applied that consisted of a series of five short
bursts (three pulses at 100 Hz) separated by 200–250
ms. Such dynamic stimuli, at 4–5 Hz, were designed to
mimic the breathing cycle in rats (Youngentob et al.,
1987). Mitral cells responded with prolonged depolariza-
tions upon which were superimposed barrages of action
potentials (average frequency = 256 1 Hz; n = 28 pairs).
Close examination of the spiking patterns showed that
spiking was often synchronized (see expanded tracesin Figure 1A). Synchronized spiking was also apparent
as a prominent peak near zero in the spike cross-corre-
lograms computed from the difference (spike-lag) in
spike times in the two cells (Figure 1B). The cross-corre-
lograms also typically showed additional peaks offset
from zero. When a summed Gaussian function was fitted
to the histograms (see Experimental Procedures), the
Gaussian fitted to the center peak had an average posi-
tion indistinguishable from zero (average = 0.26 0.2 ms;
n = 8), while the offset from zero for Gaussians fitted to
the secondary peaks averaged 18 6 2 ms (n = 8). For
each pair, I defined a synchronization factor, Rspike,
from the ratio of events in the histogram bins corre-
sponding tojspike-lagj < 5 ms versus 10 ms < jspike-
lagj < 5 ms. Rspike values ranged from 0.88 to 2.05 in
28 pair recordings (see sorted pairs in Figure 3B). Large
Rspike values corresponded to w2-fold increases in the
probability of coincident spikes (Figure 1C). For pairs
withRspikeR1.4, the probability that a spike in one mitral
cell had a spike in the other cell occur within 5 ms was
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(A) Plot of Rspike versus time after each ON stimulus burst. Each data point (average from six mitral cell pairs) reflects analysis of spike-lags done
on consecutive 50 ms windows after each stimulus burst. Error bars = SE.
(B and C) Evolution of synchrony during individual responses. Part (B) shows 150 ms segments of raw data traces recorded in a pair of mitral
cells. Note that the spikes (truncated) during the first 50 ms after the stimulus were desynchronized, but became synchronized atw110 ms. Early
desynchrony is also apparent in the subthreshold voltage deflections (gray trace regions). Part (C) compares spike-lags measured within the first
50 ms poststimulus versus those measured 100–150 ms poststimulus for 89 individual segment pairs for the experiment in part (B). Note that
instances in which the cells shifted from synchronized (spike-lag% 5 ms) to desynchronized spiking (upward-sloping lines; n = 21) were nearly
matched by desynchronized-to-synchronized transitions (downward-sloping lines; n = 20). Data points corresponding to instances in which cells
were desynchronized both early and late are not connected by lines.0.176 0.01 (n = 7), as compared to 0.086 0.01 for pairs
with Rspike < 1.1 (n = 4). Thus, synchronized spikes in mi-
tral cells could be expected to impact downstream cor-
tical signaling.
Under conditions in which test mitral cells were hyper-
polarized by negative current injection (2100 to 2300
pA), patterned stimulation elicited depolarizations with-
out action potentials (Figure 1A, bottom trace). These
stimulus-locked depolarizations visually resembled
odor-evoked responses in mitral cells in anesthetized
rats (Cang and Isaacson, 2003; Margrie and Schaefer,
2003), suggesting similar underlying mechanisms. One
potential difference between natural odor and electrical
stimulation was that the latter likely activated ON fibers
more synchronously. However, a direct contribution of
the electrical stimulus to mitral cell synchrony (‘‘stimu-
lus-induced synchrony’’) appeared to be minimal. First,
whereas such a mechanism predicts that synchrony
would subside after the stimulus, mitral cell synchrony
was time independent (Figure 2A). In six pairs with Rspike
R1.4, Rspike averaged 1.42 6 0.14 during the first 50 ms
after the stimulus, as compared to 1.66 6 0.26 at 100–
150 ms, poststimulus. Stimulus-induced synchrony
was also inconsistent with the evolution of synchrony
during individual responses (Figures 2B and 2C). Specif-
ically, it was found that the number of responses that
started in a synchronized state just after the stimulus
(spike-lag % 5 ms at 0–50 ms, poststimulus) and be-
came desynchronized (spike-lag > 5 ms at 100–150
ms, poststimulus) was matched by desynchronized-
to-synchronized shifts (22% 6 1% versus 21% 6 3%
of total responses, respectively; n = 3 pairs). Frequent
desynchronized-to-synchronized shifts were also seen
in voltage-clamp recordings of synaptic activity (see
Figure 5E). The high fraction of responses that became
synchronized only late in the response provided strong
evidence that mitral cell synchrony emerged out of the
dynamics of the bulb network.
Glomerular Affiliations of Synchronized Mitral Cells
Previous measurements done in mitral cell pairs showed
an extremely high correlation between whether cellswere affiliated with the same glomerulus and electrical
coupling (Schoppa and Westbrook, 2002). Electrical
coupling was thus used here as one measure of the glo-
merular affiliations of the synchronized mitral cells (Fig-
ure 3A). Figure 3B (left) illustrates the distribution of
Rspike values for uncoupled mitral cells (electrical cou-
pling ratio [ECR] < 0.01) affiliated with different glomer-
uli; such pairs made up a large majority of the recordings
(23 out of 28 pairs). This distribution had a peak near
Rspike = 1.0, reflecting unsynchronized pairs, while Rspike
values ranged up to 1.79. Using a value ofRspikeR 1.2 as
a criterion for whether spiking was synchronized (see
Experimental Procedures), 13 out of 23 (57%) mitral
cell pairs affiliated with different glomeruli were found
to be synchronized. Spike synchrony was also seen in
four of five pairs of electrically coupled mitral cells
(ECR > 0.02) affiliated with the same glomerulus (Fig-
ure 3B, right). These results indicate that synchronized
spiking can occur for mitral cells of both the same and
different glomerular affiliations following patterned ON
stimulation.
The morphology of the test mitral cells was verified in
some recordings by loading cells with biocytin (0.2%;
Figure 3C). In such pairs, spike synchrony (Rspike R
1.2) was seen in four of six pairs affiliated with different
glomeruli. In the four synchronized pairs, the affiliated
glomeruli were separated by one to five other glomeruli.
Five glomeruli likely reflects a lower limit for the degree
of separation between synchronized mitral cells, be-
cause these studies focused on cells with closely
spaced cell bodies (separation% 120 mm).
IPSP Recovery Accounts for Synchronized Spiking
One plausible mechanism that could account for the
synchronized spiking was suggested by the presence
of side peaks near lag = 620 ms in the spike cross-
correlograms (Figure 1B). Such activity, at the gamma
frequency (w50 Hz), has been observed previously dur-
ing extracellular recordings in the bulb and has been
proposed to reflect the interplay between mitral cells
and GABAergic interneurons (Adrian, 1950; Rall and
Shepherd, 1968; Freeman, 1972; Kashiwadani et al.,
Neuron
274Figure 3. Synchronized Spiking Occurs in Mi-
tral Cell Pairs Affiliated with the Same or Dif-
ferent Glomeruli
(A) Examples of measurements of electrical
coupling between mitral cells, used in deter-
mining the glomerular affiliations of the test
cells. At left are voltage traces from an un-
coupled pair (MA and MB; same as Figure 1A),
as revealed by the absence of a hyperpolar-
ization in MB in response to a hyperpolarizing
current injection (2300 pA, 400 ms) into MA.
This pair was presumed to be affiliated with
different glomeruli. At right are voltage traces
from a coupled pair affiliated with the same
glomerulus. This pair had an electrical cou-
pling ratio ECR = 0.032, derived from the ratio
of the voltage responses in MB versus MA.
(B) Distributions of Rspike values across 28
pairs, sorted by whether the mitral cells
were affiliated with the different glomeruli
(left; 23 pairs with ECR < 0.01) or the same
glomerulus (right; five pairs with ECR > 0.02).
(C) Pair of mitral cells whose glomerular affil-
iations were determined by loading cells with
biocytin (0.2%). These two cells, which had
synchronized spikes (see cross-correlogram
at right), were clearly affiliated with different
glomeruli (at two arrows). Glomeruli are de-
marcated by propidium iodide-labeled PG
cells (green). Scale bar, 100 mm.1999; Friedman and Strowbridge, 2003; Lagier et al.,
2004). The objective of the next set of studies was to
evaluate whether mitral cell spike synchrony in fact re-
sulted directly from recovery from GABAA receptor-me-
diated IPSPs imposed by bulb interneurons (Figure 4A,
top). An alternate hypothesis is that synchrony resulted
from excitatory interactions between mitral cells. Gluta-
mate released from mitral cell dendrites (Figure 4A, bot-
tom) could synchronize mitral cells affiliated with the
same or different glomeruli via extrasynaptic ‘‘spill-
over’’ (Isaacson, 1999), while electrical coupling could
synchronize glomerulus-specific mitral cells (Schoppa
and Westbrook, 2002; Christie et al., 2005). With the lat-
ter category of mechanisms, bulb interneurons could be
responsible for imposing the gamma frequency kinetics
to the synchronized activity, but would not directly drive
mitral cell synchrony.
I distinguished between these mechanisms by taking
advantage of the different model predictions for the cou-
pling potentials that underlie synchronized spiking (car-
toon traces in Figure 4A). Such deflections have been
routinely observed during pair-cell recordings in differ-
ent brain circuits, appearing in a nonspiking cell locked
in time to spikes in the other cell (Galarreta and Hestrin,
1999; Gibson et al., 1999; Mann-Metzer and Yarom,
1999; Tama´s et al., 2000; Schoppa and Westbrook,2002; Urban and Sakmann, 2002). For this analysis, a po-
tential Vlock was defined to be the 60 ms segment of the
voltage trace in the nonspiking cell, centered at the time
of spiking in the other cell (lag = 0 ms). For the IPSP-
recovery model, Vlock around lag = 0 ms should be depo-
larizing near spike threshold, with a rising phase that re-
flects recovery from a prior IPSP and decay that reflects
a new IPSP. Importantly, the potential profile should
reverse polarity at hyperpolarizing voltages below the
reversal potential for chloride ions passing through
GABAA receptors. In contrast, the glutamate receptor
model predicts that Vlock around lag = 0 ms should be-
come more depolarizing with increasing hyperpolariza-
tion, reflecting the increase in driving force for cations
passing through glutamate receptors. A mechanism of
synchronization due to electrical coupling between mi-
tral cells also predicts no reversal of the potential around
ECl2 . Recordings of Vlock in mitral cells in fact showed
clear reversal of polarity around ECl2 (277 mV for solu-
tions used; Figures 4B and 4C) for mitral cells affiliated
with the same or different glomeruli. At voltages 5–10
mV below spike threshold (between 245 and 255 mV),
the voltage deflection DVlock around lag = 0 ms was al-
ways positive (0.21 6 0.06; n = 7), i.e., depolarizing,
but always negative (20.216 0.08, n = 8) at voltages be-
tween 288 and 298 mV. Because mitral cells have no
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(A) Two mechanisms that could account for mitral cell spike synchrony, along with predictions for the coupling potential,Vlock, measured in a non-
spiking cell. At top, two mitral cells, MA and MB, receive dendritic inputs from a bulb interneuron, either from a PG cell at primary dendrites or
a granule cell at secondary dendrites. Near-simultaneous GABA release onto the mitral cells [arrows and ‘‘(2)’’] would elicit spike synchrony,
as the mitral cells recover from GABAA receptor-mediated IPSPs. The cartoon traces at top, right show that, with such a mechanism,Vlock around
the time of spiking in MA should be depolarizing near spike threshold, but reverse polarity at hyperpolarizing voltages below ECl2. In contrast,
a mechanism involving glutamatergic excitatory interactions at mitral cell dendrites (bottom) predicts that the potential should become more
depolarizing with increasing hyperpolarization. All drawings of Vlock are shown to have three peaks, as expected from the peaked shape of
the spike cross-correlograms (Figure 1B).
(B) Recordings of Vlock in a mitral cell pair at a voltage (253 mV) that was 7 mV below spike threshold and at298 mV, which isw20 mV below ECl2.
Both the raw data traces (left) and the average traces (right) show that Vlock at lag = 0 ms was generally depolarizing at 253 mV, but became
hyperpolarizing at 298 mV. In the average traces, the longer of the two horizontal lines demarcates baselines used for calculating DVlock,
used for determining the polarity of Vlock around lag = 0 ms (see Experimental Procedures). Recordings reflect mitral cells affiliated with different
glomeruli.
(C) The summary plot, derived from measurements made in 12 mitral cell pairs, also shows that DVlock reversed polarity, depending on whether
the mitral cell membrane voltage (V) was above or below ECl2.other known chloride-mediated mechanism that could
account for spike synchrony, these results provide
strong evidence that spike synchrony was mainly due
to recovery from IPSPs.
Pharmacological methods were not available for veri-
fying the IPSP model for synchronizing mitral cells. One
major effect of the GABAA receptor blockers bicuculline
methiodide (BMI, 10 mM; n = 4) or picrotoxin (50 mM; n =
2) was to cause a dramatic increase in the spike fre-
quency in mitral cells (to 1396 40 Hz, for BMI), reflecting
the enhanced magnitude of the stimulus-evoked slow
depolarizations (Carlson et al., 2000; Schoppa and
Westbrook, 2001). GABAA receptor blockers did abolish
the peaks seen in the spike cross-correlograms (n = 3
pairs), yet it was not possible to determine whether
this effect was due to an effect on synchrony or simply
because a synchrony-induced peak was obscured by
the much higher spike frequency. Effects of glutamate
receptor antagonists could also not be tested on re-sponses to ON stimulation, because blocking glutamate
receptors blocked ON-to-mitral cell transmission; phar-
macological blockers of gap junctions could not be
tested because of nonspecific effects on transmitter re-
ceptors (Schoppa and Westbrook, 2002).
Properties of Inhibitory Synaptic Inputs
in Mitral Cell Pairs
In order to assess the properties of the GABAergic syn-
aptic inputs onto mitral cells, recordings of inhibitory
postsynaptic currents (IPSCs) were made in pairs of
voltage-clamped mitral cells (Figure 5A). Most record-
ings were made at very negative holding potentials
(%2100 mV) in order to augment inward chloride cur-
rents passing through GABAA receptors. Patterned ON
stimulation elicited complex responses that included
slow inward currents, which underlied the slow depolar-
izations in current clamp, along with rapid, transient
inward current events (amplitude = 249 6 6 pA,
Neuron
276Figure 5. Mitral Cells Receive Synchronized
Inhibitory Synaptic Inputs
(A) Voltage-clamp responses to patterned ON
stimulation in a pair of mitral cells (MA and MB)
that projected to different glomeruli. Re-
sponses included a large, slow inward cur-
rent, as well as barrages of rapid, transient
events. Many of the rapid events appeared
to be synchronized (see expanded boxed re-
gions at top).
(B) A half-maximal concentration of BMI
(2 mM) reduced the rapid transient events by
w50%, indicating that most of the events
were GABAA receptor-mediated IPSCs.
Each displayed trace reflects an average of
25 events.
(C) The cross-correlogram derived from the
current measurements in part (A) had a prom-
inent narrow peak at lag = 0 ms, indicating
that the IPSCs were synchronized.
(D) Across 18 mitral cell pair recordings, there
was a strong relationship between current
cross-correlation (amplitude at lag = 0) and
spike synchrony (Rspike), at least at low to
moderate current cross-correlation values.
Correlation was lost at high current cross-
correlation values, presumably reflecting the
limitations on synchrony due to fluctuations
in membrane potential in individual mitral
cells.
(E) Comparison of IPSC synchrony versus
stimulus time in a single mitral cell pair.
Cross-correlations were computed at 20–
100 ms and 100–180 ms, poststimulus,
across 38 consecutively recorded current
segment pairs. Instances in which IPSCs be-
came desynchronized at long times after the
stimulus (downward-sloping lines; n = 9)
were nearly matched by desynchronized-to-
synchronized transitions (upward-sloping
lines; n = 7). Synchrony for this analysis was
demarcated by cross-correlation peak values
R0.2 (gray-shaded area).frequency = 53 6 3 Hz; n = 14 cells). As expected for
GABAA receptor-mediated IPSCs, these events had
fast kinetics (20%–80% rise time = 0.8 6 0.1 ms, decay
time constant = 4.06 0.2 ms, n = 14 cells), were blocked
by w50% (average block = 43% 6 7%; n = 5 cells) by
a half-maximal concentration of BMI (2 mM; Figure 5B),
and reversed at voltages (240 to 245 mV) above ECl2
(n = 16 cells). No differences in event kinetics or reversal
potentials were seen in pairs that projected to the same
(n = 2 pairs) or different glomeruli (n = 5 pairs); also, there
were no events that appeared biophysically distinct
from IPSCs in any of the pairs. A comparison of the
IPSCs between mitral cells showed clear evidence for
synchronized activity, seen as a peak (0.13 6 0.03 at
lag = 0 ms, n = 26) in the cross-correlograms derived
from the current measurements (Figures 5C and 5D).
As with spiking, IPSC synchrony was independent of
time with respect to the stimulus. In seven highly syn-
chronized pairs, the current cross-correlogram peaks
averaged 0.35 6 0.05 and 0.37 6 0.07 at 20–100 ms
and 100–180 ms, poststimulus, respectively; IPSCs
also frequently became synchronized only after a signif-
icant delay after the stimulus (Figure 5E). One modest
difference between the IPSCs and spiking in mitral cellswas in the side peaks in the cross-correlograms (com-
pare Figures 1B and 5C). Only five of ten current
cross-correlograms with central peaks R0.23 showed
clear side peaks on both sides of the central peak (aver-
age offset = 22 6 2 ms). The higher incidence of side
peaks in the spike cross-correlograms could be due to
intrinsic active conductances that amplify gamma fre-
quency spike activity (see Discussion).
Synaptic timing was evaluated more quantitatively in
individual pairs by determining the IPSC-lag between
mitral cells, i.e., the time difference to 50% peak current.
For the experiment in Figures 6A and 6B, virtually all
IPSC-lags occurred within a narrow window of <500
ms. Across six pairs that displayed highly synchronized
IPSCs (current cross-correlogram peaks R0.33), the
IPSC-lag distributions were fitted by Gaussian functions
with an average half-width of 3306 25 ms. These results
indicate that, among mitral cells that receive synchro-
nized IPSCs, synchrony is remarkably precise. I next
computed the fraction of IPSCs that were synchronized
(Fsynch) in the same six mitral cell pairs, from the percent-
age of IPSCs in one cell that had an IPSC occur in the
other cell within a specified time window (wIPSC). Fig-
ure 6C plots Fsynch values for different wIPSC values
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(A) Examples of IPSCs recorded simultaneously in a pair of mitral cells, used in determining the IPSC-lag between mitral cells. In this case, the
IPSC-lag wasw50 ms. This experiment used high intracellular chloride (w129 mM) in order to generate large, inward GABAergic currents; a some-
what lower-than-average IPSC-frequency (19 Hz) also facilitated analysis.
(B) Distribution of IPSC-lags for the experiment in part (A). The expanded distribution (bottom) was fitted with a Gaussian function (superim-
posed). The narrow width of the curve (half-width = 230 ms) indicates that synchrony among the IPSCs was extremely precise.
(C) Estimates of the fraction of synchronized IPSCs (Fsynch) obtained for different analysis time windows (wIPSC). Each data point reflects the av-
erage from six mitral cell pairs that had peak values in the current cross-correlogramR0.33. Error bars = SE.between 0.2 and 10 ms. As expected from the shape of
the IPSC-lag distributions (Figure 6B), Fsynch rises
steeply for increasing wIPSC between 0.2 and 1.0 ms,
but only gradually for larger windows. Using a value of
wIPSC = 1 ms as a cut-off for synchronization, it was de-
termined that 62% 6 3% of the IPSCs were synchro-
nized. Thus, synchronized inhibitory synaptic activity
comprised the majority of synaptic activity in many mi-
tral cell pairs.
Functional Role of Granule Cells
The inhibitory synaptic activity that underlies mitral cell
synchrony could be due to inputs from PG cells at mitral
cell primary dendrites or from granule cells at secondary
dendrites (see Figure 4A). To determine which interneu-
ron synchronized mitral cells, IPSCs were measured in
mitral cells that had a selected set of inputs removed
by dendritic sectioning (Figures 7A and 7B). Because
mitral cells have only one primary dendrite, but several
secondary dendrites, it was much easier to study mitral
cells with sectioned primary dendrites that lacked inputs
from PG cells; sectioning occurred, fortuitously, during
the slice preparation. A role for PG cells in synchronizing
mitral cells predicts that cutting the primary dendrite in
at least one of the mitral cells would reduce or eliminate
synchronized IPSC activity, while a dominant role for
granule cells predicts no effect. In fact, IPSC synchrony
was unrelated to whether mitral cells had intact primary
dendrites. The current cross-correlograms derived from
mitral cell pairs in which 0, 1, or 2 mitral cells had sec-
tioned primary dendrites had peak values of 0.12 6
0.02 (n = 18), 0.13 6 0.02 (n = 16), and 0.10 6 0.05 (n =
4), respectively. The lack of effect of dendritic sectioning
on IPSC synchrony indicated that most of the inhibitory
activity that underlied synchronized spiking in mitral
cells was derived from granule cells. Under conditions
of ON stimulation, I was unable to study the effect ofdendritic sectioning on mitral cell spike activity itself,
because cutting primary dendrites blocked the slow de-
polarizations required for generating spike activity. Nev-
ertheless, in two experiments in which test mitral cells
that lacked primary dendrites were directly depolarized
with the patch pipette (200–350 pA, 1 s) while an ON
stimulus was simultaneously applied, spike synchrony
was maintained (Rspike = 1.3 and 1.6).
To further confirm the granule cell model, the timing of
mitral cell IPSCs was compared to granule cell activity
during recordings in mitral/granule cell pairs
(Figure 7C). As predicted by a mechanism in which gran-
ule cells synchronize mitral cells, the IPSCs were syn-
chronized to the granule cell spikes. This synchrony
was reflected by a spike-locked current deflection in
the mitral cell, which, on average, had a negative polarity
(DIlock = 211.2 6 4.8 pA in four selected granule/mitral
cell pairs; see Experimental Procedures). Interestingly,
none of the synchronized mitral/granule cell pairs
formed direct synaptic connections (based on the ab-
sence of evoked synaptic currents with direct depolar-
ization). Thus, the IPSCs in the mitral cells resulted
from GABA release, not from the test granule cell, but
from other granule cells that were synchronized to the
test granule cell (see Figure 8).
Synchronized Activity in Granule Cell Pairs
Within many brain circuits where GABAergic interneu-
rons have a role in synchrony, synchronization of princi-
pal cells is believed to be augmented by mechanisms
that synchronize the interneurons themselves (Buzsa´ki,
1997; Traub et al., 2001, 2004). The final objective here
was to test whether pairs of granule cells also engaged
in synchronized activity during patterned ON stimula-
tion. I focused mainly on granule cell synaptic activity,
rather than spiking, both because of the difficulty in ob-
taining long, stable dual recordings of granule cell spike
Neuron
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(A) Comparison of cell anatomy and IPSC synchrony in two mitral cell pairs. The top pair had intact primary dendrites, going to different glomeruli,
while the bottom pair included one cell with a sectioned primary dendrite (at arrow). The current cross-correlograms (right) show that both pairs
had synchronized IPSCs. Scale bars, 100 mm.
(B) Summary across 36 pairs. No difference was seen in the distribution of cross-correlation peak values (at lag = 0 ms) for pairs in which both
cells had intact primary dendrites (top) versus pairs in which at least one of the two cells had a sectioned primary dendrite (bottom). These results
indicate that most synchronized IPSCs reflect granule cell inputs at secondary dendrites.
(C) Mitral cell IPSCs recorded in response to patterned ON stimulation during mitral/granule cell pair recordings. The traces at top are ten seg-
ments of mitral cell current, aligned to the peak of action potentials recorded in the granule cell (vertical dashed line). Both the raw data traces and
the average trace (bottom) show that IPSCs were often synchronized to the spikes, as reflected by a negative DIlock.activity and also because the functional role of spiking in
granule cells remains somewhat ambiguous (Lagier
et al., 2004). During voltage-clamp recordings (Figure 8A;
holding potential = 270 mV), granule cell pairs re-
sponded to ON stimulation with barrages of inward cur-
rent events (amplitude = 245 6 4 pA, n = 10 cells) that
were often highly synchronized (Figures 8B and 8C;
cross-correlogram peak > 0.10 in 10 of 27 granule cell
pairs). These events generally had rapid kinetics (20%–
80% rise time = 0.22 6 0.01, decay time constant =
1.5 6 0.1; n = 6) and required voltages >220 mV for re-
versal (n = 4), as expected for excitatory postsynaptic
currents (EPSCs) mediated by AMPA glutamate recep-
tors (Isaacson, 2001). Synchrony was also observed in
current-clamp recordings of EPSPs in four pairs (Figures
8A and 8C) and in two stable pair recordings of granule
cell spike activity (Rspike = 1.5 and 1.7; Figures 8D and
8E). These results indicate that granule cells display
highly synchronized AMPA receptor-mediated synaptic
activity and that synchrony can also extend to spiking.
Because mitral cells provide the only source of gluta-
matergic synaptic inputs onto granule cells in these ex-
periments, only two plausible mechanisms could ac-
count for granule cell synchrony. The first, and simpler,
hypothesis is that it reflects divergent excitatory inputs
from mitral cells. Such divergent inputs could arise
from a single mitral cell contacting multiple granule
cells, as indicated in the cartoon in Figure 8A, or a syn-
chronized set of mitral cells (in this case, it would not
be a true ‘‘divergent’’ model). An alternate hypothesisis that synchrony was due to electrical coupling. By
this mechanism, a synchronized EPSC or EPSP in one
granule cell would reflect the electrically coupled synap-
tic input received by the other granule cell. However,
electrical coupling was never seen when hyperpolariz-
ing current injections were applied to granule cells
(210 to 240 pA, 500 ms; ECR < 0.006, n = 20), even in
pairs that displayed clear evidence for synchronized
synaptic activity (cross-correlogram peak > 0.10, n = 8;
Figure 8C) or synchronized spiking (n = 2). The absence
of electrical coupling in granule cells contrasted with re-
sults obtained in PG cells (ECR > 0.025 in three of eight
pairs; Figure 8C; see Murphy et al., 2005). Also, the syn-
chronized EPSCs (with EPSC-lags <2 ms) displayed no
correlation in amplitudes between granule cells (p >
0.15; n = 3 pairs), counter to predictions of the electri-
cal-coupling model. These results demonstrate that di-
vergent synaptic inputs from mitral cells are sufficient
to synchronize granule cells, even in the absence of di-
rect granule cell coupling.
Discussion
Synchronized oscillatory activity at the gamma fre-
quency is observed in many brain circuits and is gener-
ally proposed to reflect the activity of GABAergic inter-
neurons. This study set out to test in a direct way the
basic hypothesis that GABAergic interneurons can syn-
chronize spiking in principal neurons, using whole-cell
recordings in neuron pairs in the olfactory bulb.
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Cells
(A) Whole-cell recordings from a pair of gran-
ule cells (GA and GB). In voltage-clamp, gran-
ule cells responded to patterned ON stimula-
tion with prolonged barrages of EPSCs (left),
which, in the expanded traces (right, top) ap-
pear to be synchronized (dashed vertical
lines). EPSPs (right, bottom), recorded in cur-
rent-clamp from a different granule cell pair,
also were synchronized. Stimulus artifacts
were deleted for clarity. The arrows and
‘‘(+)’’ in the cartoon at left reflect divergent mi-
tral-to-granule cell glutamatergic inputs.
(B) The cross-correlogram derived from the
voltage-clamp recordings in part (A) had
a prominent peak (0.24) at lag = 0 ms, indica-
tive of synchronized EPSCs.
(C) Relationship between the degree of elec-
trical coupling between granule cells (elec-
trical coupling ratio, ECR) and the magnitude
of synchrony (cross-correlation at lag = 0 ms).
The plot shows that none of the granule cell
pairs (filled symbols) were electrically cou-
pled (ECR % 0.006), yet were often synchro-
nized. Results obtained from PG cells (open
symbols) are plotted for comparison. Circles
and boxes reflect EPSC and EPSP record-
ings, respectively.
(D and E) Synchronization was also apparent
in granule cell spiking. Part (D) shows sample
traces from one pair recording, with the arrow
indicating synchrony (spike-lag% 5 ms). Part
(E) shows the spike cross-correlogram de-
rived from the same recording.Spike Synchrony in Olfactory Neurons
Since the earliest recordings, it has been known that
odor can evoke gamma frequency local field potential
(LFP) oscillations in the olfactory bulb (Adrian, 1950;
Freeman, 1972; Friedman and Strowbridge, 2003; Lagier
et al., 2004). Kashiwadani et al. (1999) provided the first
evidence for odor-evoked synchronized spiking, during
paired extracellular unit measurements in the mitral cell
layer of the rabbit bulb; similar results using loose-patch
measurements from mitral cell pairs were reported re-
cently in the zebrafish bulb (Friedrich et al., 2004). The
whole-cell patch-clamp recordings used here in the rat
bulb allowed unambiguous determination of the cell
type engaged in synchronized spiking, as well as the
glomerular affiliations (i.e., the OR specificities) of the
cells. Following patterned ON stimulation, synchronized
spiking on a rapid timescale (lag < 5 ms) was observed in
w50% of mitral cell pairs affiliated with different glomer-
uli, which comprised the majority of the recordings, as
well as in most pairs affiliated with the same glomerulus.
Spike cross-correlograms also displayed side peaks at
620 ms, corresponding to the gamma frequency. The
observed rapid correlations in mitral cell spiking are sim-
ilar in their general form to odor-evoked extracellular
unit responses associated with projection neurons of
the locust antennal lobe (Wehr and Laurent, 1996), whichare analogous to bulb mitral cells. In the sphinx moth an-
tennal lobe, synchronized spike activity on a much
slower timescale (w50 ms) was seen in projection neu-
rons determined to be affiliated with the same or differ-
ent glomeruli (Lei et al., 2002).
Several observations suggest that the patterned elec-
trical stimulus used in these slice experiments activated
the bulb in a manner similar to odor, at least within local-
ized regions. Most importantly, the evoked subthresh-
old depolarizations in mitral cells (Figure 1A) showed
a strong visual resemblance to odor-evoked responses
in anesthetized animals (Cang and Isaacson, 2003; Mar-
grie and Schaefer, 2003). Both in vitro and in vivo re-
sponses wax and wane in a stimulus-dependent fashion
(but see Pager, 1985; Kay and Laurent, 1999) and have
a largew10 mV amplitude. Because a number of excit-
atory and inhibitory processes shape these depolariza-
tions (Carlson et al., 2000; Schoppa and Westbrook,
2001), the visual similarities make a strong case for sim-
ilar underlying mechanisms. Additional similarities were
seen in the mitral cell spiking rate (w25 Hz in vitro versus
w12–40 Hz in vivo; see Kay and Laurent, 1999; Cang and
Isaacson, 2003; Margrie and Schaefer, 2003), as well as
in the presence of gamma frequency network dynamics.
Evidence was also provided, based on the time depen-
dence of synchrony with respect to the stimulus, that
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level of synchrony.
Mechanisms of Rapid Synchrony
GABAergic interneurons have been proposed to under-
lie gamma frequency synchronized activity within a vari-
ety of brain circuits, both related and unrelated to olfac-
tion (Rall and Shepherd, 1968; Whittington et al., 1995;
Traub et al., 1996b; Bazhenov et al., 2001; Laurent
et al., 2001; Brody and Hopfield, 2003; Davison et al.,
2003; Friedman and Strowbridge, 2003; Khazipov and
Holmes, 2003; Lagier et al., 2004; Traub et al., 2004).
The main experimental evidence supporting a role of in-
terneurons in synchronizing principal neurons has been
the observation that spikes in principal neurons are in
phase with gamma frequency LFP oscillations, which
in turn are abolished by GABAA receptor blockers (for
studies in olfactory circuits, see MacLeod and Laurent,
1996; Lagier et al., 2004). While such data clearly show
that interneurons are important for phasing spike activ-
ity in principal neurons, they do not demonstrate that the
direct synchronizing signals are IPSPs derived from
interneurons. Moreover, pharmacological effects of
GABAA receptor blockers are difficult to interpret, be-
cause blockade of inhibition can have nonspecific ac-
tions on network activity. One example of such an effect
was shown here, when GABAA receptor blockers
caused a dramatic increase in the mitral cell spike fre-
quency by enhancing the magnitude of slow mitral cell
depolarizations. I have used an alternate strategy,
based on the shapes of the coupling potentials (Vlock)
that underlie synchronized spiking (Figure 4), to demon-
strate that spike synchrony in mitral cell pairs is a direct
result of IPSPs imposed by bulb interneurons. Addition-
ally, voltage-clamp recordings in mitral cell pairs
showed that different mitral cells receive precisely syn-
chronized inhibitory synaptic inputs. A previous study
done in the bulb (Aungst et al., 2003) suggested that,
of the two types of interneurons in the bulb, PG cells
are responsible for mediating functionally important lat-
eral inhibitory interactions between mitral cells. Den-
dritic sectioning indicated that mitral cell synchrony
was due to granule cells rather than PG cells.
Besides establishing that granule cells are causally re-
lated to mitral cell synchronization, the present studies
identified at least one mechanism likely to be critical
for enhancing synchrony. Pair recordings in granule
cells indicated that granule cells themselves were highly
synchronized following patterned ON stimulation. As
has been proposed for GABAergic interneurons in other
networks (Buzsa´ki, 1997; Traub et al., 2001, 2004), gran-
ule cell synchrony could provide a potent mechanism to
coordinate GABA release from many granule cells, per-
haps accounting for the observation thatw60% of all in-
hibitory inputs were synchronized in many mitral cell
pairs. Mechanistically, synchrony in bulb granule cells
appears to differ from that in GABAergic interneurons
in other circuits (Galarreta and Hestrin, 1999; Gibson
et al., 1999; Mann-Metzer and Yarom, 1999; Tama´s
et al., 2000) in that it does not require direct electrical
coupling (Reyher et al., 1991) and instead results from
divergent synaptic inputs from mitral cells (either at den-
drodendritic synapses or axon collaterals). In effect, mi-
tral cells provide the drive to increase their own syn-chrony, through their synchronization granule cells.
In addition to the effects of such circuit-level mecha-
nisms, mitral cell synchrony could also be enhanced
by their own intrinsic ion channels. Of particular note
are voltage-gated sodium channels, which can generate
gamma frequency oscillations in mitral cell membrane
potential even in the absence of synaptic inputs (Des-
maisons et al., 1999). The same channels would presum-
ably be effective at boosting ‘‘rebound’’ excitation fol-
lowing IPSPs received by mitral cells at the gamma
frequency. The effect of this boosting on spike syn-
chrony could be quite significant. The analysis of the
coupling potentials (Figure 4C) indicated that the spike-
locked depolarization DVlock, which underlies synchro-
nized spiking, had a relatively modest w100–400 mV
amplitude when measured 5–10 mV below spike thresh-
old. Voltage-dependent boosting of rebound potentials
by sodium channels could amplify these depolarizations
at spike threshold, significantly raising their signal
above the ‘‘noise’’ of background membrane potential
fluctuations.
A final mechanistic issue is whether synchrony varies
depending on whether mitral cells are part of the same
or different glomerular networks (intra- versus interglo-
merular synchrony). Prior studies have established that
an important difference between these different mitral
cell types is their electrical coupling, with coupling being
specific to glomerulus-specific mitral cells. For glomer-
ulus-specific cells, electrical coupling can, by itself, syn-
chronize spiking (Schoppa and Westbrook, 2002; Chris-
tie et al., 2005), at least under weak stimulus conditions
in which only two mitral cells are depolarized (conditions
which do not activate bulb interneurons). Although the
present study focused mainly on electrically uncoupled
mitral cells affiliated with different glomeruli, the subset
of experiments done on coupling potentials in glomeru-
lus-specific mitral cells suggested that intraglomerular
synchrony, like interglomerular synchrony, was mainly
due to IPSPs during more physiological stimulus condi-
tions. Further arguing that electrical coupling had
a lesser role here, no evidence was found for excitatory
coupling events of the type previously reported during
voltage-clamp recordings from mitral cells (Schoppa
and Westbrook, 2002; Urban and Sakmann, 2002); all
of the recorded rapid transient events were outward—
not inward—at voltages near spike threshold (240 to
245 mV; see analysis of IPSCs above). A plausible ex-
planation for a reduced role for electrical coupling here
may be related to the fact that the key electrically cou-
pled event for generating rapid intraglomerular spike
synchrony under conditions of two-cell stimulation ap-
pears to be a spike-generated AMPA autoreceptor-me-
diated potential (but see Migliore et al., 2005). Because
AMPA receptors (probably autoreceptors) are also in-
volved in the generation of slow depolarizations follow-
ing ON stimulation (Schoppa and Westbrook, 2001),
they may already be open and/or desensitized, thus
less available to respond to glutamate released by sin-
gle spikes during the slow depolarizations.
Functional Implications
Functional studies have established that the first effect
of odor on the bulb is to elicit a spatial pattern of glomer-
ular activation, with each glomerulus reflecting a single
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et al., 1999; Bozza and Mombaerts, 2001; Lledo et al.,
2005). One possible function of spike synchrony among
mitral cells of different OR specificities is to provide
a mechanism for downstream cortical neurons to de-
code information about different ORs. As would be re-
quired by such a mechanism, labeling studies suggest
that each pyramidal cell in the anterior piriform cortex
receives anatomical connections from mitral cells with
different OR specificities (Zou et al., 2001). Here, spike
synchrony was shown to double the probability that
any two mitral cells fire spikes within 5 ms (Figure 1C).
Assuming that pyramidal cells in the olfactory cortex
have synaptic integration windows comparable to other
neurons (e.g.,w7 ms for pyramidal neurons in the visual
cortex; Usrey et al., 2000), synchrony would promote the
summation of EPSPs and the likelihood that cortical
neurons fire action potentials in response to input from
activated mitral cells of different OR specificities. The
functional role of intraglomerular spike synchrony could
also be related to enhanced signal-to-noise. In this case,
such enhancement could help preserve the fidelity of the
glomerular spatial map, as it is passed between the glo-
merular layer of the bulb and the olfactory cortex.
Experimental Procedures
Horizontal slices (300–400 mm) were prepared from olfactory bulbs
of 10- to 21-day-old Sprague-Dawley rats, as described (Schoppa
et al., 1998), and were viewed under DIC optics (Axioskop, Carl
Zeiss). All experiments were performed at 34ºC–37ºC. All experi-
ments were approved by the Institutional Animal Care and Use Com-
mittee at UCDHSC. Mitral cells and granule cells could be easily dis-
criminated on the basis of morphology. In granule cell recordings,
cells were selected from the granule cell layer with cell-body diam-
eters <10 mm.
Electrophysiology
The base extracellular solution for all recordings contained (in mM)
125 NaCl, 25 NaHCO3, 1.25 NaH2PO4, 25 glucose, 3 KCl, 2 CaCl2,
and 1 MgCl2 (pH 7.3) and was oxygenated (95% O2, 5% CO2). The
pipette solution for most mitral and granule cell recordings con-
tained 125 Kgluconate, 2 MgCl2, 0.025 CaCl2, 1 EGTA, 2 NaATP,
0.5 NaGTP, and 10 HEPES (pH 7.3 with KOH). For some of the volt-
age-clamp recordings of mitral cell IPSCs (Figure 6), Kgluconate was
replaced with KCl in order to augment IPSC amplitude. For analysis
of mitral cell anatomy, biocytin (0.2%) was added to the pipette so-
lution. Slices were fixed overnight and then incubated in permeabi-
lizing (0.3% Triton X-100) PBS solution containing Cy-5-conjugated
streptavidin (1 mg/ml; Jackson ImmunoResearch, West Grove, PA)
for 1–2 days. In some cases, propidium iodide (5 mg/ml; 30 min; Mo-
lecular Probes, Eugene, OR) was added as a nuclear stain for iden-
tification of glomeruli. Labeled cells were visualized with a 253 ob-
jective on a confocal microscope (Zeiss LSM 510 NLO; Light
Microscopy Facility at UCDHSC.).
Current and voltage signals recorded with a MultiClamp 700A dual
patch-clamp (Axon Instruments, Foster City, CA) were filtered at 2–5
kHz using an eight-pole Bessel filter and were digitized at 5–10 kHz.
Data were acquired and analyzed using Axograph software on
a MacIntosh G4. The membrane voltage, Vm, and access resistance,
Rs, were constantly monitored. Data acquisition was terminated
when Vm was more positive than 248 mV or if Rs was greater than
15 MU. In the voltage-clamp recordings, the holding potential for mi-
tral cells was%2100 mV, unless otherwise noted; holding potential
for granule cells was270 mV. For ON stimulation, a tungsten bipolar
electrode (tip separation of 125 mm) or a glass patch pipette (0.5–
4 MU) was placed on the ON layer. Brief pulses (100–200 ms) trig-
gered by a stimulus isolation unit (Dagan BSI-950, Minneapolis,
MN) were applied as a pattern consisting of five shorts bursts (three
pulses at 100 Hz) separated by 200–250 ms (4–5 Hz). Each stimuluspattern was applied every 10–15 s. The stimulus intensity was in-
creased (from 0.01 mA) until slow depolarizations or slow inward
currents were observed in the test mitral cells. In some experiments,
singles pulses, instead of 100 Hz bursts of pulses, were applied at 4–
5 Hz. However, such stimuli were generally less effective at evoking
excitatory responses at modest stimulus intensities. ON stimulation
sometimes directly evoked spikes in mitral cells; such responses
were excluded from the analysis.
Data Analysis
For assessment of synchronized spiking in mitral or granule cell
pairs, histograms (5 ms bins) were constructed from the difference
(spike-lag) in spike times in two cells. Rspike for each pair was esti-
mated from the ratio of events in the histogram bins corresponding
tojspike-lagj < 5 ms versus 10 ms < jspike-lagj < 5 ms. The criterion
for synchrony in mitral cells (RspikeR 1.2) was based on the distribu-
tions of spike-lags measured under conditions in which two mitral
cells that projected to different glomeruili were directly depolarized
with the patch pipette (100–300 pA current step, 1.5 s). Under these
weak stimulation conditions, bulb interneurons (implicated here in
synchrony) are not activated (Schoppa and Westbrook, 2002) and
thus would not contribute to spike patterning. In six such pairs,
Rspike values averaged 0.98 6 0.03 (mean 6 SE) and ranged from
0.91 to 1.07. The value of Rspike = 1.2 deviated from 1 (no synchrony)
by more than two times the standard deviation (0.076) in Rspike in the
direct current-injection experiments and thus reflected a relatively
conservative criterion for synchrony (p < 0.05). The value of Rspike
across mitral cell pairs could be influenced by differences in the
mean spike rate, as well as irregularities in spiking. However,
mean firing rates for all mitral cells included in the study occurred
across a quite narrow range (18–31 Hz). In addition, highly synchro-
nized (Rspike > 1.4) and unsynchronized (Rspike < 1.1) pairs had similar
mean spiking rates (25 6 1 Hz versus 26 6 1, respectively) and in-
cluded examples of mitral cells with mean spiking rates at the low
and high ends of the observed frequency range. Occasionally, mitral
cells with modest mean spiking rates spiked at high frequencies for
periods lasting several hundred milliseconds. Stimulus-evoked
250 ms segments of pair-cell data in which the spike rate in one of
the cells was >50 Hz were excluded from the analysis.
The temporal characteristics of the spike cross-correlograms
were evaluated by fits to a sum of three Gaussian functions plus
a baseline. The amplitudes of the Gaussians fitted to the two side
peaks, as well as the magnitude of offset from lag = 0, were in
most cases fixed to be equivalent.
For analysis of the potential Vlock underlying synchronized spiking
in mitral cell pairs (Figure 4), a hyperpolarizing current was applied to
one of the two cells to bring the cell to below spike threshold. Any
stimulus-evoked 250 ms segment of potential trace that included
a spike was excluded from the analysis. Sixty ms segments were
then selected from the potential trace of the nonspiking cell, chosen
such that the midpoint of each segment was aligned to the peak of
the action potential in the other cell (lag = 0 ms). Each Vlock thus
spanned from lag = 230 ms to lag = +30 ms. For measuring DVlock
at lag = 0 ms, a baseline was first determined from the potential trace
during the side troughs or peaks that were seen offset from lag =
0 ms byw10 ms (see examples in Figure 4B). DVlock was the differ-
ence between baseline and the average potential measured during
a 5 ms window centered at lag = 0 ms.
Cross-correlation measurements on the IPSC recordings (Fig-
ure 5) were done in 100–150 current segments, beginning 20–50
ms after each stimulus burst was applied. Slow timescale correla-
tions associated with slow inward currents were accounted for by
baseline-subtracting each of the selected segments before measur-
ing cross-correlation. In some cases, it was not possible to subtract
off the contribution of slow correlations. Such responses were ex-
cluded from the analysis. In the analysis of IPSC-lags (Figure 6),
lags were determined only between inward current-events with
20%–80% rise times <3 ms. This criterion helped ensure that the se-
lected events were IPSCs.
In the mitral/granule cell pair recordings (Figure 7C), selection of
pairs for analysis of synchrony between granule cell spiking and mi-
tral cell IPSCs was done based on the cross-correlograms com-
puted from voltage-clamp recordings of granule and mitral cell syn-
aptic activity. The four selected pairs (out of nine total) had current
cross-correlogram peak valuesR0.07.
Neuron
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the Student’s t test. Data values are reported as mean 6 SE.
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